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Nanowires can serve as three-dimensional platforms at the nanometer scale for highly efficient chemical energy storage and conversion vehicles, such as fuel cells and secondary batteries. Here we report a coin-type Si nanowire ͑NW͒ half-cell Li-ion battery showing the Li capacity of approximately 4000 mAh/g, which nearly approaches the theoretical limit of 4200 mAh/g, with very high Coulombic efficiency of up to 98%. Concomitantly, we provide direct evidence of reversible phase transitions in the Si NW anodes at the full electrochemical cycles, varying from pure Si to Li 22 Si 5 phase, which has been known empirically inaccessible in the bulk limit. © 2010 American Institute of Physics. ͓doi:10.1063/1.3299006͔
Efficient energy conversion with the high energy density is the central research subject in various energy conversion systems, such as solar cells, fuel cells, supercapacitors, etc. Rechargeable Li-ion batteries represent one of chemical energy storage vehicles, and are prevailing in portable power sources for ever-increasing mobile electronics and hybrid electrical vehicles.
1-6 The Li-ion battery performance involves interrelated electrochemistry, phase transitions, and transport processes at the interfaces between electrodes and electrolytes. Therein, the achievable chemical energy capacity and the energy conversion efficiency are inherently related to the anode architectures, particularly when they are three-dimensional at the nanometer scale, in which all the electrochemical entities must be optimally coordinated. 7 In this respect, Si nanowire ͑NW͒ arrays can serve as the high capacity and power anode systems for the Li-ion rechargeable battery, due to ͑1͒ the accessible phase transitions into a series of Li-rich intermetallic compounds for the highestknown Li storage, and ͑2͒ the efficient one-dimensional charge transfer/delivery capability to the external load without much loss. 8, 9 They can also benefit against the cyclic degradation in the cell performance due to their affordable accommodation of large volume-changes upon Li-Si phase transition over bulk Si or Si powders. 8, [10] [11] [12] [13] [14] Here, we report that a coin-type Si NW half-cell displays the near maximum Li capacity of almost 4000 mAh/g at the relatively low output voltages with very high Coulombic efficiency of up to 98%-99% in the 50 cycles. Concomitantly, we provide direct evidence of reversible phase transitions in the Si NW anodes at the full Li-ion electrochemical cycles, varying from pure Si, via several intermediate phases, to Li 22 Si 5 phase, which has been known thermodynamically inaccessible at the ambient temperature in the bulk limit. The maximum Li storage in Si NWs, verified as a crystalline Li 22 Si 5 phase, and highly reversible charge/discharge characteristics are consistent with the gravimetric capacity measured in the coin cell. We note that Chan et al. 8 recently demonstrated a near maximum capacity with little capacity fading during the ten cycles employing Si NWs on stainless steel substrates as anodes in a beaker half-cell. Therein, however, the microscopic identification of the Li-Si intermetallic phases and their thermodynamic-and crystal-phase transitions at the given electrochemical potentials have only been either speculated or indirectly extrapolated from the measured cell capacity. 8 In our study, we specifically provide imaging and spectroscopic evidence, from which successive phase transitions are spatially resolved at the individual NW levels from the coin-type Si NW half-cell over the 50 cycles. We have also fabricated the cells employing doped Si NWs cell and discuss the roles of Si NW conductivity on the phase transition kinetics.
Single-crystalline Si NWs were grown on a stainless steel ͑SUS͒ substrate of a circular shape by Au catalystassisted chemical vapor process using 10%-diluted SiH 4 precursors in H 2 in a quartz tube furnace. 15 The circular Si NW/ SUS electrodes were incorporated into a coin-type half cell ͑CR2016 coin-type͒ as in Figs. 1͑a͒ and 1͑b͒. The cell uses Li metal foils as the counter and the reference electrode, and 1M LiPF 6 dissolved in a 1:1 volume ratio ͑provided by Techono. Semichem. Co.͒ mixture of ethylene carbonate ͑EC͒ and diethyl carbonate ͑DEC͒ as the electrolyte. The cell assembly was carried out in an Ar-filled glove box with less than 0.1 ppm each of oxygen and moisture. A scanning electron microscopy ͑SEM͒ plane-view and x-ray diffraction, as in Fig. 1͑c͒ , demonstrate that the grown NWs are pure Si crystalline without the presence of other silicide phases, which could have been formed from the SiH 4 -SUS reactions. 8 We have not detected any Au-Li compounds, presumable due to the minimized amounts of Au contents of 1 nm thickness. 8 The average diameter of Si NWs in our study was approximately 100 nm and the TEM images and their diffraction patterns show that an individual NW is a a͒ Electronic address: dake1234@kongju.ac.kr. mixed texture of a crystalline core, in the ͓111͔ orientation along the wire axis, and an amorphous shell, due to the activated noncatalytic NW growth 16 on the NW side wall at high growth temperatures, as representatively seen in Fig.  1͑d͒ . The electrochemical reactions such as Li charge/ discharge and cyclic voltammograms ͑CV͒ on the Si NW anodic properties were performed to the 50 cycles in the voltage range of 0.01 to 2 V ͑versus Li/ Li + ͒. Figure 2͑a͒ is a representative CV of the Si NW anodes, showing the current variation associated with the Li-Si NWs electrochemical reactions, i.e., Li-charge/discharge upon the applied voltage. Apparently, it displays two current peaks around 220 and 40 mV during the Li-charge, which must be associated with the formations of intermetallic compounds, Li x Si. Reportedly, the 220 and 40 mV peaks are usually assigned to the formation of amorphous Li x Ј Si ͑a-Li x Ј Si͒ from a-Si upon the Li-uptake, and a-Li x Ј +x Љ Si upon further Li-uptake. 8, 11, 12, 17 The specific phases during the Li-charge are characterized with electron diffractions from the NW samples extracted at given potentials, as in Figs. 2͑b͒-2͑d͒, and they are identified as poly-or single-crystalline Li 13 Si 4 ͑poly-or c-Li 13 Si 4 ͒ for the 220 mV peak and poly-crystalline Li 22 Si 5 ͑poly-Li 22 Si 5 ͒ for the 40 mV peak. It has been known that the a-Li 15 Si 4 phase is the highest lithiated phase achievable for the ambient temperature in the bulk limit, 12, 18 and it is remarkable that the Li 22 Si 5 phase is directly observed even as a crystalline phase at the ambient temperature in our study. 9, 13, 19 This finding strongly supports the highest gravimetric capacity approaching to 4000 mAh/g, in our coin cells, as further discussed in Fig. 3 : the Li 22 Si 5 phase corresponds to the thermodynamically highest gravimetric capacity. It is likely that the a-Si shell, in Fig. 2͑b͒ , initially transforms to a-Li 13 Si 4 at 220 mV, followed by its crystallization. The similar crystalline phase transformation takes on at 40 mV to form poly-Li 22 Si 5 and a-Li 22-x Si 5 . Upon the Li-discharge, the reversible two current peaks are also observed around 300 and 490 mV, and they are usually attributed to a partial Li-discharge to a-Li x Ј Si from a-Li x Ј +x Љ Si, and the full Li-discharge to a-Si, respectively. We find either poly / c-Li 12 Si 7 or poly / c-Li 22 Si 5 for the 300 mV Lidischarge, and solely poly-and for the 490 mV Li-discharge. With the electron diffraction alone, it is yet unclear whether Li 12 Si 7 [4] (024) (a) FIG. 3 . ͑Color͒ ͑a͒ The current charge/discharge curve for the first, second, and tenth cycle of the Si NW cell in the galvanostatic mode. The inset shows the derivative relation of the galvanostatic voltage vs the capacity for the first and tenth cycle. ͑b͒ The specific capacity of the Si NWs cell ͑red͒ and the Si powder cell ͑green͒, and the Coulombic efficiency of Si NWs ͑blue͒ vs the charge/discharge cycle number.
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the c-Si core, in Fig. 2͑b͒ , is intact during the first full cycle, because they cannot be clearly resolved from the patterns of various Li x Si. However, we have only found a-Si after the repeated cycles. The Si NW cell charge capacity was measured over the potential range of 0.01 to 2.00 V of the 50 cycles in the galvanostatic mode, as in Fig. 3͑a͒ . The presence of the two long flat plateaus in both Li-charge and discharge indicates that Si NWs undergo reversible two-step phase transitions. The attained maximum charge capacity for the first cycle is 3825 mAh/g, reasonably consistent with the observed Li 22 Si 5 phase upon the full Li-charge in Fig. 2͑d͒ . The discharge capacity is 3706 mAh/g, claiming that the initial Coulombic efficiency, defined as the ratio of the amount of Li + extraction over Li + insertion, is 97%. This unprecedentedly high Coulombic efficiency 8, [20] [21] [22] [23] [24] signifies an almost complete Li + extraction, which is also consistent with the TEM observations, as discussed above. The derivative relation of the galvanostatic voltage versus the capacity, i.e., dQ/dV versus V, shows reversible redox couples, and this is remarkably consistent with the CV profile of Fig. 2 , in terms of the positions and the relative intensity of the peaks as in the inset of Fig.  3͑a͒ . More significantly, we found that the redox couples are almost identical for the first and tenth cycle, strongly suggesting the Li-charge/discharge characteristic is highly reversible over the cycle. There is cyclic degradation in specific capacity over the repeated cycle, as represented in Fig. 3͑a͒ , and both charge and discharge capacity were ϳ1600 mAh/ g at the 50th cycle, as in Fig. 3͑b͒ . It should be noted that despite of the capacity fading the high Coulombic efficiency maintains its initial value over the cycles up to 98%-99%. We found a remarkable contrast from a cell employing Si powders, where it shows an initial capacity of ϳ3000 mAh/ g abruptly decreases down to 0 within the initial 10 cycles, as in Fig. 3͑b͒ . The capacity retention is found to be strongly dependent on the C-rate ͑1C ϵ 1 h per half-cycle͒, and Fig. 4͑a͒ shows that at the higher C-rate the capacity fades more significantly over the repeated cycles. Interestingly, we found that the capacity is better retained, particularly at the higher C-rate, when Si NWs are doped, thus more conducting, whereas the charge capacity was almost equivalent. Bare Si NWs in our cells are fairly insulating, with their average resistivity of 10 3 -10 4 ⍀ cm. As in Fig. 4͑b͒ , there is significant difference of resistivity between bare and doped Si NWs by four to five orders of magnitudes. Crystallinity of Si NWs, i.e., whether they are a-shells or c-cores, also influences their resistivity. We speculate that the observed capacity retention characteristics for doped Si NWs at various C-rates signify that conductivity of Si NWs is closely related to reaction kinetics of Li-charge/discharge with Si NWs, rather than thermodynamics, because the dopants, i.e., phosphorous in our doped Si NWs, are diluted in the Si lattice with the very low concentration of ϳ10 17 cm −3 , i.e., 10 ppm in Si lattices. This suggests implications for the cell performance which can be tailored by employing Si NW heterostructures with conductivity modulations. We are under further investigations on this reaction kinetics. 
